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SUPPRESSION OF THE KONDO MANY-BODY SCATTERING EFFECT
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An experimental study of the electrical resistivity in dilute Cu:Mn doped with Pt impu-
rities is presented. The results indicate a suppression of the Kondo divergence in the
conduction-electron scattering amplitude as a result of the spin-orbit interaction at the
Pt impurities. The results are interpreted in terms of a reduction in the spin "memory"
time.

In 1964, Kondo' demonstrated the existence of
a logarithmic divergence in perturbation theory
for the scattering of conduction electrons from
magnetic impurities in metals. Since that time,
there has been considerable research directed
toward the goal of understanding the physical ori-
gin of the many-body scattering as well as to-
ward a determination of the ground state of this
coupled many-body system. Although we still do
not have a satisfactory theory for temperatures
less than the divergence temperature'

~K= (D/&) exp[-1/I &I p],

existing experimental and theoretical work' indi-
cates that the ground state is a many-body sin-
glet in which nonperturbative spin correlations
are built up in the electron gas in the vicinity of
the impurity. These spin correlations may be
viewed as fundamentally arising from an indirect
electron-electron interaction via the magnetic
impurity. A first electron scatters from the im-
purity leaving the spin flipped so that subsequent
scattering of a second electron depends on the

fact that the first event has already taken place.
From this point of view, the question of the
"memory" of the impurity spin in the intermedi-
ate state takes on special significance. If this
memory is made sufficiently short either per-
haps by intrinsic coupling of the impurity to the
conduction electrons (i.e., spin fluctuation ef-
fects') or by direct relaxation of the impurity
spin to the lattice, one may expect a suppression
of the indirect interaction and the associated log-
arithmic divergence with the result that the
many-body spin correlations will not form. In
this Letter we present electrical-resistivity data
which yield experimental evidence of such sup-
pression of the Kondo effect in the system Cu:Mn
due to spin-orbit scattering from (heavy) Pt im-

puritiess.

The temperature dependence of the resistivity
for Cu: Mn (110 ppm of Mn) doped with 0, 0.1,
0.3, 0.5, 1, 2, and 5 at. Q Pt has been studied be-
tween 1.5 and 4.2 K. Figure 1 shows the results
for the lowest concentrations. Platinum was
chosen because of its relatively good solubility in
Cu as well as its high Z and thus large value of
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FIG. 1. The temperature-dependent contribution to
the low-temperature resistivity in dilute (110 ppm Mn)
Cu:Mn doped with Pt impurities. The resistivity at
4.2'K is subtracted to remove all temperature-inde-
pendent contributions. The solid curves represent Eq.
(2) of the text.

p(T) = Aln[T'+ 6']'" (2)

high-purity starting material. To insure con-
stant Mn concentration all samples were made
from a 0.2-at. ~/& Cu:Mn master alloy. The sam-
ples to be measured were subsequently drawn in-
to 0.2-mm-diam wire (one to three meters in

length), coiled, and placed directly into liquid
helium. The resistivity was measured using the
standard four-terminal technique with a constant
current of about 0.7 mA. The relative accuracy
for the temperature dependence of a single sam-
ple is better than +0.05% as a result of the long
wires and relatively large resistance. The abso-
lute accuracy is estimated to be +5% with the
dominant source of error being the determination
of the wire diameter.

The solid curves in Fig. 1 are a fit of the ex-
pression

the spin-orbit coupling constant ~. For the un-
doped Cu:Mn one sees the expected characteris-
tic logarithmic temperature dependence of p(T).
However, addition of as little as 0.1% Pt causes
a marked deviation from the logarithmic depen-
dence in such a way as to significantly decrease
the anomalous scattering. The data in Fig. 1
are p-p4, plotted as a function of T where p4,
is the value of the resistivity at 4.2'K. This sub-
traction is made to remove the temperature-in-
dependent contribution due to the Pt and thereby
show explicitly the temperature dependence of
the anomalous scattering from the magnetic im-
purities. The resistivity of a sample of Cu:Pt
(Pt concentration of 1 at.%) was separately checked
and found to be temperature independent below
4.2'K in agreement with expectations. The sup-
pression of the Kondo effect is clearly shown in
the data. It is impossible to explain the reduc-
tion in the magnitude and the induced curvature
of ~p in terms of a change in the Kondo tempera-
ture. For Cu:Mn, TK has been shown to be of
order 0.05'K. ' Consequently, to explain the pres-
ent results would require an increase in TK by
two orders of magnitude with addition of a frac-
tion of a percent of Pt. Even such an unlikely as-
sumption leads to difficulty for the maximum
slope of p(T) should occur at T = TK with a satu-
ration at still lower temperatures. Moreover,
the sensitivity of the results to the spin-orbit
coupling constant rather than the valence differ-
ence (see below) is inconsistent with a change in
TKe

The samples were made by arc melting, using
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FIG. 2. The dependence of ~ on the concentration of
Pt. The values are obtained by adjusting 0 [in Eq. (2)
of the text] to obtain a best fit to the data of Fig. 1.
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to the data. The agreement of Eq. (2) with the
experimental results is in all cases within the
small scatter of the individual points. Other ex-
pressions [e.g. , 1n(T+8)] were found not to pro-
vide as good a description of the data. The
curves in Fig. 1 assume a fixed value of the coef-
ficient 4 (i.e. , of the s-d exchange constant &)
equal to that in the undoped Cu:Mn. The differ-
ent curves are thus obtained by choosing the sin-
gle parameter 8 for best agreement with the ex-
perimental results. The resulting dependence of
8 upon the Pt concentration is shown in Fig. 2.
One sees an initial very steep rise (d8/dc =11'K/
at. %), an apparent saturation, and a much slower
subsequent increase.

In order to explicitly demonstrate the impor-
tance of the spin-orbit interaction a sample of
Cu:Mn doped with 1% Ge was studied. The tem-
perature-dependent contribution to the resistivity
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deviated by at most 10@from that of the undoped
Cu:Mn. This is in agreement with earlier stud-
ies which showed essentially no suppression of
the logarithmic term due to low-Z, and hence
small-A. , impurities. ' Since the residual resis-
tivity of Ge in Cu (3.75 pQ cm/at. Q)' is larger
than that of Pt in Cu (2.03 pQ cm/at. $),' the neg-
ligible effect of the Ge impurities on the Kondo
scattering provides good evidence that the spin-
orbit interaction is the major source of the sup-
pression.

An expression of the form of Eq. (2) was pre-
dicted by Suhl' for the situation when the Ruder-
man- Kittel- Kasuya- Yosida interaction between
the magnetic impurities is important. Although
Suhl's theory is not directly appropriate to the
present results as evidenced by the good logarith-
mic dependence (i.e. , 6 =0) of the undoped dilute
Cu:Mn samples, the concept of a composite inter-
mediate-state density which is a convolution of
the density of the additional electron or hole with
the density of all states having the impurity spin
flipped may nevertheless be valid. However, in
the present case the reservoir to which the spin
is coupled is not the Ruderman-Kittel-Kasuya-
Yosida system, but the conduction electrons
themselves (via intrinsic spin fluctuation effects)
or the lattice (via relaxation of the impurity
spin). It has in fact been experimentally demon-
strated" that because of the s-d admixture, the
long tails on the Mn wave function can probe the
spin-orbit interaction at distant impurities, thus
leading to a finite relaxation rate in the electron
spin resonance. This effect can be expected to
shorten significantly the spin-memory time espe-
cially with addition of the high-Z Pt impurities.
Alteration of the intrinsic spin-fluctuation mem-
ory time would seem to be a smaller effect since
such spin-fluctuation phenomena result from the
finite virtual level width via the impurity d-state
density at the Fermi surface. ' It is difficult to
see how the spin-orbit interaction at the Pt sites
can have a strong effect on the virtual-state den-
sity. However, detailed understanding must
await a proper theoretical treatment of the effect
of both spin fluctuations and relaxation on the
Kondo many-body scattering. "

The existence of a, finite 9 in Eq. (2) implies a,

drastic reduction in the Kondo divergence temp-
erature:

2 6)2'K 'Ko ' (3)

where TK0 is given by Eq. (1) assuming that 4
does not change. Clearly when 8 & TKp, the diver-

gence in perturbation theory is removed so that
the nonperturbative spin correlations associated
with the singlet ground state will never form.

Finally we would like to comment on the differ-
ences (and similarities) with respect to the ef-
fect of impurity scattering on the critical temp-
erature Tz in superconductors. In superconduc-
tivity, as long as time-reversal invariance is
maintained (i.e. , the impurities are nonmagnet-
ic), the effect of impurity scattering is to alter
the detailed form of the conduction-electron wave
functions. The indirect interaction via the pho-
nons is not changed, and it is possible to con-
struct from the time-reversed states a pairing
theory of dirty superconductors" which predicts
little change in T~. In the present case, where
the indirect electron-electron interaction takes
place via the impurity spin, the situation is quite
different. Because of the s-d admixture the spin
is in a strict sense a part of the electronic sys-
tem. As a result, the spin-orbit interaction at
the Pt sites has an effect on the indirect interac-
tion itself with a correspondingly large reduction
ln TK.

Discussions of the effect of relaxation on the
Kondo scattering with Dr. B. Giovannini, Dr. A.
Zawadowski, and Professor H. Suhl are grateful-
ly acknowledged. The Swiss National Science
Foundation provided financial support for the ex-
perimental work.
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Measurements of the Au Knight shift in AuA12, AuGa2, and AuIn2 are reported. In
contrast to the strong temperature dependence of the Ga Knight shift, only a weak tem-
perature dependence of the 9 Au Knight shift in AuGa2 is observed. Electronic energy-
band calculations for these compounds yield differences which provide an improved mod-
el for interpreting these and other experimental results.

Considerable attention has recently been fo-
cused on the intermetallic compounds AuAI,
AuGa, and AuIn .' This interest derives in
part from the fact that samples with high residu-
al-resistance ratios may be prepared, enabling
Fermi-surface studies, 3 ' and in part from the
unusual temperature dependence of the "Ga
Knight shift in AuGa, .' The lack of any tempera-
ture dependence of the ~'Al and "'In Knight shifts
in AuA1 and AuIn, respectively, coupled with
electronic specific-heat' and de Haas-van Alphen
(dHvA) Fermi-surface studies which "give no in-
dication of differences which pointedly would dis-
tinguish any one from the other or, for that mat-
ter, from what would reasonably be expected from
a free-electron-like model"' constitutes the
AuGa, dilemma. Although there seems to be evi-
dence that AuGa is in some way different (e.g. ,
Knight shift, thermoelectric power') from the
other two, there are properties (dHvA orbits, F,
and E, in the notation of Ref. 5) for which AuA1,
appears dissimilar from the other two.

In this note we report two new results for this
series of compounds: (1) experimental results
for the "'Au Knight shifts for all three compounds,
and (2) preliminary results of band-structure cal-
culations which give a consistent interpretation
of many of the observed similarities and dissim-
ilarities and which offer a significant improve-
ment over the free-electron model, which pre-
dicts no significant differences between any of
the compounds. %e offer these preliminary re-
sults in the hope that they may aid further inter-
pretation and as a basis for additional refinement

of the model.
The '~Au resonances were detected in 300-

mesh powdered samples by means of spin-echo
techniques. The 60-kOe external field was pro-
vided by a NbZr superconducting solenoid. Ade-
quate signal-to-noise ratios were achieved by
averaging the echo intensities with a Fabri-tek
952/1062 high-speed digital signal averager
Knight shifts were calculated from the experi-
mental frequency/field ratios using the reference
ratio v/8=0. 072923 kHz/Oe. At 1.2'K the result-
ing shifts for AuA1 and AuIn were (+0.94 +0.05)%
and (+1.49 +0.05)%, respectively. For AuGa, we
obtained the following values:

T = 1.2'K, K =(+1.54 +0.02)%;

T = 4.0'l0, A = (+1.52 + 0.02) %;

T = 2"I 'K, K = (+1.53 + 0.03)%;

T=76'K, A =(+1.50+0.05)%,'

T= 232 K, K = (+1.34+0.10)%.

The absence of a strong temperature depen-
dence for the "'Au Knight shift is particularly
noteworthy. In the same temperature range the
'~Ga shift is known to vary from -0.13% at 4'K
to +0.45% at 230'K. ' It follows that those states
at the Fermi level which give rise to the positive
"Ga Knight shift in the high-temperature region
have little if any gold s character. The shifts in
AuGa, and AuIn have magnitudes which are sim-
ilar to the shift in gold metal (1.65%).' In con-
trast, the AuAl value is significantly smaller.
%e have also measured the "'Au spin-lattice re-
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